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Abstract

The Boltzmann master equation model was used to study pre-equilibrium

. ] s ; . s 14
neutrons emitted iIn coincidence with light fragments from collisions of "N

+165Ho at 35 MeV/nucleon. The input parameters of the model were adopted from

earlier analyses of neutron spectra gated by evaporation residues at similar
and somewhat lower incident energies. Both the shapes and the absolute
magnitudes of the spectra of neutrons in coincidence with light fragments
could be reproduced, provided a reduced excitation energy was wused 1in the
calculations. The energy removed from the excitation energy was equated with
the collective energy of the intermediate state di-nuclear complex. For
collisions 1leading to high energy fragments near the grazing angle, this
collective energy corresponds to the kinetic energies above the Coulomb
barrier of the projectile-like and target-like fragments in the center-of-mass
system, assuming a binary reaction. For more strongly damped collisions, the
spin rotational energies of the fragments was also included. This is
qualitatively in agreement with a binary reaction where the energy held in

collective modes of the intermediate state is unavailable for pre-equilibrium

emission processes.

This work was performed under the auspices of the U. S. Department of Energy
by the Lawrence Livermore National Laboratory under contract W-7405-Eng-48.



I. INTRODUCTION

The detection of pre-equilibrium (PE) nucleons is one of the most direct
means of observing heavy-ion reaction dynamics early in the collision process.
For incident energies as low as 13 MeV/nucleon, PE neutron multiplicities are

near unity,1 and at 30 MeV/nucleon, the wvalue approaches 3.2 A clear

understanding of the PE emission process would offer a powerful tool for
monitoring the early collision conditions for various reactions, such as
fusion, fast fission, fragmentation, and transfer. Consequently, there has

been keen interest in conducting experiments to measure PE emission under
; s 1-8 : . . . .
various controlled conditions and in executing microscopic calculations to

try to understand the fundamental mechanism behind the emission process.g-l5
The PE emission process manifests itself in differential nucleon spectra
as a forward-peaked, high energy component. Quite often a moving-sources

prescription is used to decompose the spectra into various components, one of

which 1is associated with PE emission and which typically is "hot:".l-5 The
parameters of the "hot source" are then studied as a means of examining pre-

equilibrium dynamics.3-5

In particular, we are intrigued by the source systematics reported in
Refs. 4 and 5 for neutrons resulting from strongly damped and from peripheral

collisions of 14N at 35 MeV/nucleon on 165Ho. We wish to re-examine these

results within the framenwork of the Boltzmann master equation (BME) model for

PE nucleon emission. For completeness, a description of the BME model is



presented in Section II. In Section III we discuss the preparation of the
data to be compared with the BME calculations, namely, isolation of and
angular integration of the PE component of the experimental spectra. The
results of our calculations and comparisons with the experimental data are
contained in Section IV. 1In Section V we present a discussion of a possible
interpretation of our results, and our summary and conclusions are given in
Section VI. A short discussion on the consequences of using a moving thermal

source to parameterize PE nucleon spectra is given in the Appendix.

II. The Boltzmann Master Equation Model

The Boltzmann master equation model has been used with considerable
success in reproducing both the shape and the absolute magnitude of PE neutron

spectra from central collisions at incident energies of 10-30

MeV/nucleon.M"15 In this study of strongly damped and peripheral collisions

at 35 MeV/nucleon, we will adopt the input parameters to the BME model from
such studies of central collisions. Our intention will be to relate
deviations of the data from the calculation, if they occur, to the non-central
nature of the reaction. In this section we describe the BME model as it has

been formulated for central collisions.

. s . s s . 16
The basic idea of a master equation stems from statistical physics and
asserts that the transition of particles into and out of given elements of

phase space can be followed with a set of coupled differential equations.

This approach was first applied to the nucleus by Harp, Miller and Berne17 to



describe nucleon-induced PE reactions. The model was generalized by Blann to

describe a-particle induced and heavy-ion induced nuclear collisions.la’18 At
the core of the BME model are a set of Boltzmann-like coupled differential
equations describing the time rate of change of the number of nucleons/MeV at

a given energy €5 above the bottom of the nuclear well. (Henceforth, the
energy €. will be denoted by its subscript, i.) These equations differentiate

between mneutrons and protons in a two-component Fermi gas and can be written

14,17,18
as
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where the prime on the summation sign indicates the constraint due to energy
conservation. The superscripts x and y indicate the species of nucleon, and

the subscripts i,j,k, and £ denote the energy above the bottom of the nuclear

well. g? gives the density of single-particle levels at energy i for nucleons

of type x, as calculated in the Fermi gas model. ni denotes the time-

dependent fraction of levels in a 1-MeV-wide bin at energy i which are

occupied by a nucleon of type x, and the Pauli exclusion principle is embodied



in the (1-n§) factors. Ae? denotes the width of the energy bin of a y-type

nucleon at energy j, and 1-MeV-wide bins have been used throughout. wi%*ij
represents the transition rate for a nucleon of type x at energy k to scatter

from a nucleon of type y at energy £, yielding nucleons of energies i and j in

the final state, where energy conservation requires that i+j=k+£. This

.. . 17,18
transition rate can be written as
1/2
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where V is the nuclear volume, m is the nucleon mass, and is the free

k2
nucleon-nucleon scattering cross section for nucleons of energies k and £
above the bottom of the well. Perpendicular nucleon collision geometry is

assumed and the cross sections are taken from the compilation of Arndt et

19 . . . . ..
al. The summation in the denominator normalizes the transition rate to a

specific (i,j) final state, as opposed to the rate for the two nucleons to

. . . X .
scatter into any final state allowed by energy conservation. w, ., in Eq. 1
i-1i

gives the rate of transmission of an x-type nucleon at energy i into the
continuum at energy i’. These rates are calculated from the rate for the

inverse reaction (capture of nucleon x at laboratory energy i’ into the

nucleus at energy i), making use of the reciprocity theorem and the method of

Dostrovsky et al.20 This continuum term is then integrated over time to

predict the differential nucleon multiplicity spectrum:
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The last term in Eq. 1, f?(t), is the injection term, which gives the time

dependent rate of insertion into the nuclear well of nucleons of type x at
energy i from the projectile nucleus. The velocity of approach is assumed
constant, and set equal to the nucleus-nucleus center-of-mass energy above the
Coulomb barrier. The density of the fusing system is assumed to remain

constant at the value corresponding to a square well with ro-l.S fm.

To start the nucleonic cascade process, as described by Egs. 1 and 2, we
need an initial distribution of nucleons, i.e., we need to define within the
model the ground state of the two heavy nuclei. The target nucleus is assumed
to be a Fermi gas at zero temperature. The projectile nucleus is, on the
other hand, a Fermi gas in motion. We need to couple the intrinsic Fermi
motion of the projectile nucleons to the relative motion of approach of the
projectile nucleus. It has been pointed out that a simple coupling

corresponding to shifted Fermi spheres in the infinite nuclear matter limit is

not sufficient.21 We have approached this problem drawing wupon experience

from treating  precompound decay for nucleon and a-particle induced

. 18 : . .
reactions. We assume that the available entrance channel excitation energy
is partitioned among only the projectile nucleons, with each energy-conserving
configuration bearing equal a-priori weight. 1If we assume a constant single

particle level density, g, then for a given energy E to be partitioned by ng



nucleons, the number of possible configurations is given by an expression due

to Ericson:22

no-l
E

N(n.E) = pthi(n_-1)! “ (4)

Here p and h are the initial number of particles and holes, jointly called

excitons, and within our assumption, n = p+h = Aproj and h=0. Assuming that

each configuration bears equal a-priori weight, we obtain for the initial

differential nucleon energy distribution

o e+he/2 N(no-l,E-e’)
de B¢ = N(n_,E) g de
€'=¢c-Ne /2 °
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where Ae is the width of the energy bins in the calculation. In our use of
Eqs. 4 and 5, we assume that the energy partitioned is the excitation energy
that would be available if a compound nucleus were formed, i.e., the center-
of-mass energy plus the Q value for fusion.

In summary, the initial projectile nucleon energy distribution assumed is
given by Eq. 5. These nucleons are injected in a time dependent fashion into
the target nuclear well. The relaxation process due to nucleon-nucleon
collisions is described by Eqs. 1 and 2, and the final nucleon emission

spectrum results from Eq. 3.



II]1, Preparation of the Data

The experimental data to be studied in this work stem from an experiment
measuring neutrons in coincidence with light fragments mnear and beyond the

grazing angle for 14N +165Ho collisions at 35 MeV/nucleon. This experiment

has been reported in Ref. 4, and the complete data set can be found in Ref.
23. Comprehensive analyses of an earlier though very similar experiment are
reported in Refs. 24-27. Samples of the data from Ref. 23 are shown in Figs.
1 and 2. For ease of notation, we will refer to the detected coincident light
fragment as the projectile-like fragment (PLF), without regard to whether or
not the fragment retains memory of the entrance channel. For each coincident
PLF angle and species, two energy gates were set: one for low energy and one
for high energy PLFs. The energy gates used are listed in Table 1, together
with the inclusive PLF cross sections and the average PLF energy for each
gate. As a visual aid, an inset is included in each figure showing the PLF
energy spectrum and indicating the gate with hatching. More detailed
information on the PLF spectra can be found in Refs. 4, 5 and 27.

Figure 1 shows the neutron differential multiplicity spectra in the 1lab
frame at 10 angles associated with a low energy lithium PLF detected at +23°.
The lithium energy spectrum and the gated region are shown in the inset. The
open circles are for mneutrons detected on the same side of the beam as the
coincident PLF, and "same-side" neutron angles are designated as positive
("opposite-side"” neutron angles being negative). The steeply falling, nearly

isotropic low energy component of the spectra corresponds to neutrons



evaporated from a slowly moving heavy target-like fragment (TLF).3-5’28 The
"hard" (nearly flat), high energy component of the neutron spectra corresponds

to PE emission. The curves result from a moving thermal sources analysis of

the dataa’23 and will be discussed separately in the Appendix. The

enhancement in the "same-side" +30° neutron spectrum (open circles) centered
at 10 MeV [as compared with the "opposite-side” -30° spectrum (closed
squares)] corresponds to low energy neutrons emitted from discrete states of
the lithium PLF moving on the average at about 10 MeV/nucleon towards the +23°

fragment telescope. Kinematic focusing results in the observed

enhancement.zz‘h26

Figure 2 presents neutron multiplicity spectra in coincidence with high
energy lithium PLFs at +10°. The same components discussed in Fig. 1 are also
present here. The contribution due to PLF sequential decay is larger due to
the greater kinematic focusing from the colinear geometry of the mneutron and
fragment detectors, both at +10°.

For reasons discussed in the  Appendix, the moving sources
parameterization will not be used to extract the PE component of the neutron
spectra. Instead, we will deal with the data directly in a five-step
preparation process. The first two steps are as follows: (1) To isolate the
PE neutron component from the low temperature evaporative TLF component, we
limit our study to mneutrons with energies of or exceeding 20 MeV. The
contamination of the high energy neutron multiplicity from low temperature TLF
neutrons is negligible. (2) To remove the component from PLF sequential decay,

we make use of the fact that neutron detectors were placed at symmetric angle

10



pairs. At energies and angles where mnoticeable PLF sequential decay was
observed (as evidenced by an enhancement of the "same-side" neutron spectrum
over the corresponding "opposite-side" spectrum), we used the "opposite-side"
spectrum to represent the true PE component. For the *10° neutron spectra,
there were some cases where even the "opposite-side" spectrum had a small
contamination from PLF sequential decay. This was observed as a shoulder in
an otherwise smoothly varying angular distribution, and was not included in
the PE component of the neutron spectrum.

Since the BME model 1is constructed in energy space, it predicts
nucleon energy spectra, but has no angular information. Therefore, as the
third and fourth steps in the data preparation, the experimental differential
multiplicity spectra need to be integrated over polar and azimuthal angles.
Figures 3 and 4 show the PE neutron (polar) angular distributions in the lab
frame for the spectra shown in Figs. 1 and 2, respectively. The neutron
energies selected are 20, 40, 60, 80 and 100 MeV, and the coincident lithium
energy spectra and gated regions are shown in the insets. The error bars
represent the estimated uncertainty in the data rebinning process, and the
curves serve as an aid in the extrapolation to large and small angles. The
angular distributions are in general smooth and nearly exponential in shape,
and tend to increase in steepness with increasing neutron energy. The angular
distributions of neutrons in coincidence with high energy lithium PLFs (Fig.
4) are slightly steeper than those for low energy lithiums (Fig. 3).

In integrating these data over polar angle (step 3), the data points were
joined using an exponential function, and the extrapolation to 0° and 180° was

accomplished by visually fitting smooth curves through the locus of points.

11



The so0lid lines in Figs. 3 and 4 are for neutron spectra gated by Li
fragments, but those gated by Be, B, and C have very similar extrapolation
curves.

The fourth step, integration over azimuthal angle, is complicated by the
azimuthal asymmetries which PE nucleon emission spectra for this and similar
systems have been shown to exhibit. If the reaction plane is defined by the
beam axis and the direction of the scattered PLF, then more high energy
nucleons have been observed in this plane, as opposed to the plane

perpendicular to it.5’28-30 Therefore, in carrying out the integrations over

solid angle, this azimuthal asymmetry needs to be taken into account. To do

this we use the empirical azimuthal parameterization of Bloch et al.,29 in
conjunction with the measured in-plane té out-of-plane PE neutron multiplicity
ratios of Refs. 5 and 28. We find that the angle-integrated neutron spectra
corresponding to a coincident PLF at 10° and at 23° need to be reduced by 10%
and by 25%, respectively, from results where this azimuthal asymmetry 1is
neglected.

The angle-integrated differential neutron multiplicities were generated
for a 1low energy (LE) and a high energy (HE) gate on PLF elements of Li, Be,
B, and C at 23° and at 10°. These are displayed in the lab frame in Figs. 5-8
as various open symbols for the different PLF species. The manner in which
the angular distributions were extrapolated to back angles becomes important
for high neutron energies. The wuncertainty inherent in this process was

estimated and given as an error bar for the 100 MeV data points, which

represent the worst cases., At the lower energies, in cases where significant

12



filtering of PLF sequential decay neutrons was necessary, the uncertainty
introduced was also estimated and given as error bars. In examining Figs. 5-
8, the angle-integrated PE neutron spectra seemed largely independent of the
species of coincident PLF. Therefore, only the experimental results averaged
over PLF species, shown by the solid plotting symbols, are compared with the
BME calculations. The PLF singles cross sections for each species and gate,
as given in Table 1, were used as weighting factors in the averaging.

Since the BME calculations take place in the nucleus-nucleus center-of-
mass (CM) frame, the fifth and final step of the data preparation 1is to
transform the data into the CM frame. The solid symbols in Figs. 5-8, which

have been averaged over PLF species, have also been transformed into the CM

frame.

IV. Comparisons of Calculated and Experimental Results

For the collisions under investigation in the following, the prescription
for setting the input parameters of the BME, as described in Section II, have
to be reconsidered. Specifically, for centrally gated data the excitation
energy used is that of the compound nucleus, and the entire projectile nucleus

is assumed to participate, i.e., n = A ..
o proj

For data gated by PLFs from
peripheral collisions, however, these assumptions may mnot be wvalid. To
constrain the amount of parameter adjustment in this first analysis of

peripheral collisions with the BME model, the only input parameter that will

be varied is the degree of damping, i.e., the excitation energy assumed in the

13



calculation. The results of calculations for five values of excitation energy

are shown as solid curves, each for n_ = 14 initial excitons. In each figure

the top curve, labeled 1, is for the full center-of-mass excitation energy
*

plus Q wvalue for fusion, namely EO= 440 MeV. Curves 2-5 correspond to

calculations with the excitation energy decreased by 50, 100, 150, and 200
MeV, respectively.

Figure 5 shows the experimental neutron spectra in coincidence with low
energy fragments at 23°. The 1inset shows a typical fragment spectrum and
energy gate (boron), and Table 1 1lists the gates used for each fragment
species. Examination of the fragment spectrum in the inset shows that the
fragments in the gate are emerging at or somewhat above the Coulomb barrier.
Comparing the calculations only with the experimental results averaged over
PLF species, the data appear to fall between curves 2 and 3. The gate on
fragment energies mnot far from the Coulomb barrier and at angles well beyond
the grazing angle presumably selects "hard", nearly fully damped collisions.
But the resulting neutron spectrum has a slope somewhat "softer" (steeper)
than would be expected for a central collision leading to an evaporation
residue (curve 1). One 1interpretation of this effect is that a sizeable
amount of the center-of-mass energy is mnot available for the processes

responsible for PE neutron emission.

A recent result by Bloch et al.29 reported on measurements of mneutrons
in coincidence with light fragments at larger angles (50°-90°). In
comparisons of the neutron energy spectra with predictions of the BME model,

it was found that their data also had a slightly "softer" slope than the

14



standard (no- Aproj) calculation. The authors pointed out, though, that

either a reduction in the total excitation energy assumed in the calculation

or an increase in the 1initial exciton number, n_, would achieve similar

results and bring the calculations into agreement with the data. Since BME

analyses of centrally gated collisions have been quite successful using n =

14,15
proj’

we choose in this analysis not to vary n,

In Fig. 6 we show the neutron spectra in coincidence with high energy
fragments at 23°. The solid curves corresponding to the BME calculations are
the same as in Fig. 5. There appears to be a distinct steepening of the slope
of the experimental spectrum. The higher energy neutrons fall between curves
4 and 5, indicating that as the energy of the PLF increases, the PE mneutron
spectrum becomes "softer".

Figure 7 shows the neutron spectra in coincidence with low energy
fragments ac 10°. It 1is interesting to mnotice that the experimental
spectra of Figs. 6 and 7 are very similar, with the yield of higher energy
neutrons falling between curves 4 and 5. The average energies of the
coincident light fragments, though, are quite different: from Table 1 we see
that for Fig. 7 the average fragment energy is 95 MeV whereas for Fig. 6 the
value is 171 MeV. We expect that this reflects a mix of reaction mechanisms
selected by the PLF energy gates of Figs. 6 and 7. As such, these two figures

represent transitional regions. Instead of further examination of these

transitional results, we turn to the cleaner reaction trigger of high energy

PLFs near the grazing angle.
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Figure 8 shows the mneutron spectra in coincidence with high energy
fragments at 10°, as compared to the grazing angle of about 8°, The gated

region of the fragment spectrum is reasonably broad, including both the near

beam velocity component, typically referred to as quasi-elastic,27 and
fragments moving somewhat slower than beam velocity. Similar to Figs. 6 and
7, these neutron spectra appear to have a steep slope, with the highest energy
neutrons falling mnear curve 5. Based on the interpretation adopted in the
discussion of Fig. 5, it would appear that a large amount of energy 1is not
available for PE nucleon emission. Presumably this energy is held in
collective degrees of freedom and eventually emerges as the energy of the

detected coincident PLF.

V. Discussion and Interpretation

To develop a detailed, microscopic interpretation of the PE neutrons
produced in coincidence with PLFs would require both an understanding of the
fragment emission process as well as PE nucleon emission. Such a level of
fundamental understanding is beyond the scope of currently available models.
Instead, we opt for a more qualitative and phenomenological approach. We will
limit our considerations in the following to the two extreme cases, shown by
Figs. 5 and 8.

We start by considering the results of ¥Fig. 8 for PE neutrons in
coincidence with high energy fragments near the grazing angle. The essence of

the BME picture of PE nucleon emission is that some fraction of the entrance

16



channel collective (projectile) energy 1is converted into random excitation
energy. Conversely, emission of fragments at high energies into the forward
angles 1is a very ordered, collective process. It would appear to us that
energy and nucleons once randomized (hence, becoming available for PE nucleon
emission processes) would not witﬁ any large probability re-coalesce some time
later as the observed high energy PLF at near grazing angles. Therefore, we
propose that the energy which is observed as the kinetic energy of the PLF
was, during the actual nuclear collision time, unavailable for PE mnucleon
emission processes. This should also be true for the unobserved TLF. We

define this unavailable energy as collective energy, and write

C Cc

Ecollective ~ Epur* Brir ™ Vo o 9
c c . . p ,
where EPLF and ETLF are the average PLF and TLF kinetic energies in the CM

system, and Vcis the Coulomb barrier. The averages are taken first over the

extent of the PLF energy gate for each PLF species, and then over the four
species of PLF. In averaging over the energy gate, the weighting function
used was the PLF singles cross section. In princple the PLF coincidence cross
section should be used as the weighting function, but this information was not
available. This caveat will be kept in mind when interpreting our results.
To estimate the TLF kinetic energies, we adopt a binary hypothesis, namely,
Projectile + Target -~ PLF + TLF, and rely on conservation of momentum. For PE

neutrons in coincidence with high energy PLFs near the grazing angle, the

17



values of E . are listed at the top of Table 2. We thus estimate that
collective

for the neutron spectrum of Fig. 8, E = 216 MeV, and this energy was

collective
unavailable for PE nucleon emission. The calculation corresponding to curve 5

in Fig. 8, which is in reasonable agreement with the data, corresponds to an
*
excitation energy of EO - 200 MeV, i.e., 200 MeV was assumed unavailable for

PE nucleon emission. Bearing in mind the ca&eat concerning use of the PLF
singles cross sections as the weighting function, this 1level of agreement
seems quite promising. Our conclusion for PE neutron emitted in coincidence

with high energy fragments at forward angles is that the BME model gives a

good prediction of both the absolute magnitude and the shape of the spectrum,

provided that the collective energy is removed from the PE nucleon emission
process.

We next turn to the results of Fig. 5 for PE neutron emission in
coincidence with low energy fragments at 23°. Once again we will assume that
the collective energy which eventually emerges as the kinetic energy of the
PLF and TLF was unavailable for PE nucleon emission processes. In other
words, we assume that a PLF coalescence scenario is still not applicable to
these data. This assumption 1is experimentally backed by a detailed

coalescence model analysis of the singles fragments resulting from this system

at 3O°.27 In that analysis, the coalescence model was unsuccessful for

fragments heavier that a particles. The values for the collective energies

corresponding to Fig. 5 are listed at the bottom of Table 2, and we find that

- * » 3 -
E ollective — 13 MeV. Using E - 13 MeV in a BME calculation would give a

18



result just slightly below curve 1. Though such a prediction would fall
within the error bars of the data, it would still 1lie slightly above the
centroid of the distributions giving rise to the solid points. Therefore, we
consider the possiblilty that some additional mechanism is converting entrance
channel energy into <collective energy. Notably, we have not yet considered
whether energy is transformed into the spin rotational energy of the PLF and
TLF. For the "harder" collisions giving rise to low energy PLFs at 23°,

perhaps there is sufficient tangental friction32’33 to convert mnon-negligible

amounts of entrance channel energy into spin rotational energies.

To make a rough estimate of where such a scenario might lead, we turn to

the semi-classical scattering model of Bass.34 We appy this model to the
system under study, and the resulting partial wave decomposition of the
reaction cross section is shown in Fig. 9. Assuming that Fig. 5 represents an
inelastic reaction, then from Fig. 9 we see that 79 < 2 < 134, where £ is the

entrance channel orbital angular momentum quantum number. Guessing a

representative value of £ = 110 and adopting the "rolling" limit33 for the

collision (which 1is consistent with the assumptions of the semi-classical

model of Bass34), we can estimate the amount of entrance channel angular
momentum, 20, converted 1into spin angular momenta of the PLF and TLF. From
Ref. 33, we have in the "rolling" limit that IPLF+ ITLF = (2/7)20, where Ii=
Ri/(RPLF+ RTLF)’ and 1 represents either the PLF or TLF. Then using rigid

spherical rotors (and r= 1.2 fm), we estimate the sum of the spin rotational

energies of the PLF and TLF, averaged over PLF, TLF species, to be 81 MeV.

19



Implicit in the calculation 1is our assumption that the binary reaction,
Projectile + Target -+ PLF + TLF, occurred prior to the onset of the tangental
frictional force. 1If we reverse this time sequence and assume that tangental
friction causes the projectile to "roll", followed by the binary reaction,
then the sum of the spin energies is 44 MeV. Since we do not know which

occurs first, we take the average, namely, 62 MeV. Therefore,

c c Rot Rot
Eeollective = EBprrt Errr - Vo * Eprr t Erp (10)

which gives E . = 13 + 62 = 75 MeV. If 75 MeV were removed from the
collective

excitation in the calculations of Fig. 5, this would produce a prediction
between curves 2 and 3, in good agreement with the data.

We return once again to the results of Bloch et al.29 for PE neutrons in

coincidence with PLFs at 50°-90°. 1In that work, the excitation energy assumed
in a BME analysis needed only to be reduced by the kinetic energy of the PLFs.
In other words, no spin rotational energy was assumed. We speculate that in

collisions leading to fragments at such large angles, perhaps the "sticking"

limit has been reached.33 In this limit the spin angular momenta, and hence,

spin rotational energies of the PLF and TLF are much smaller than for the

"rolling" 1limit, and might indeed be mnegligible compared to the kinetic

energies.
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VI. Summary and Conclusion

We have studied PE neutron emission for th + 165Ho collisions at 35

MeV/nucleon gated by light fragments of various energies and at angles ranging
from 7° to 30°. For fragments at a given angle and in a given kinetic energy
gate, the experimental neutron spectra were essentially independent of the
species of the coincident fragment. At a given angle, the lower the energy of
the coincident fragment, the flatter the slope of the PE neutron energy
spectra.

We have analyzed the data within the framework of the Boltzmann master
equation model. All of the experimental results can be reproduced quite well
by adjusting only the available excitation energy. Neutron spectra
corresponding to coincident high energy fragments near the grazing angle can
be reproduced both in shape and absolute magnitude within the BME model
provided collective energy is "removed" from the calculation. Assuming a
binary reaction, this <collective energy is equated with the center-of-mass
kinetic energies of the PLF and TLF above the Coulomb barrier. For low energy
fragments at 23° and 30°, we also included the spin rotational energies of the
fragments as collective energy to obtain good agreement with the data.

These observations are 1in qualitative agreement with a binary reaction
scenario where the energy which eventually emerges as kinetic energy above the
Coulomb barrier of the PLF and TLF was unavailable for PE emission during the
actual collision process. This energy presumably was held in the collective

motion of the di-nuclear complex of the intermediate state. For very
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peripheral collisions leading to high energy fragments near the grazing angle,
only the PLF and TLF kinetic energies needed to be considered, consistent with
a "slipping" collision. For low PLF energies at angles somewhat larger than
the grazing angle, a "rolling" collision was assumed, with the implication
that additional collective energy was held as the spin rotational energies of
the PLF and TLF. For collisions leading to low energy fragments at large
angles, a "sticking" assumption might apply, with the spin rotational energies
being small compared to their kinetic energies. A more quantitative test of
this idea will have to await future work. Perhaps then a unified picture of

PE emission dynamics can be established, spanning central, strongly damped and

peripheral collisions.

VI. Appendix: PE Emission and the "Hot Source"

The trend mentioned in Section III concerning Figs. 3 and 4, namely, that
the higher the energy of the coincident PLF, the steeper the slope of the PE
neutron energy spectrum, was missed in a previous, moving thermal sources

analyses of these data.a'23 The observation that the angular distributions of
PE neutrons from peripheral collisions (Fig. 4) are slightly steeper than
those from strongly damped collisions (Fig. 3) was overlooked as well.
Furthermore, close scrutiny of Figs. 1 and 2 shows that the moving sources
fits are wunderpredicting the high energy neutron multiplicities at 10° and

30°. These oversights reflect the fact that there are limits to which a

single moving source can reproduce PE nucleon energy spectra.
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The PE component of a nucleon spectrum results from nucleons emitted
after 0, 1, 2, 3, ... nucleon-nucleon collisions, until equilibrium is
established. 1If thermal sources are invoked to parameterize PE emission, each

collisional “"order" would correspond to a source of given mass, temperature,

and velocity.35 A summation over the emission from all of these sources would
then yield the final PE spectrum. The convenience of using a single thermal
source to parameterize the entire PE component is certainly appealing. The
consequence for such convenience, though, 1is that details of PE emission

dynamics and systematics will be overlooked, and only coarse trends will be

observed.36 For categorizing large bodies of data, coarse trends may be

sufficient. But for a detailed study of PE emission dynamics, this is not

acceptable.
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Figure Captions

Figure 1. Neutron differential multiplicity spectra at 10 angles in

coincidence with low energy lithum PLFs at +23° for collisions of 14N + 165Ho

at 35 MeV/nucleon. The open symbols represent the positive neutron angles,
and correspond to the same side of the beam axis as the detected PLF. Spectra
below the top pair have been offset by successive factors of 100. The
inclusive PLF energy spectrum and gated region are given in the inset. The
curves are the result of a two moving sources parameterization. The slow

moving (target like fragment) (TLF) had fit parameters of MTLF= 7.5 neutrons,

E/ATLF- 0.07 Mev, TTLF’ 2.7 MeV, and 0TLF’ -14.4° for the total multiplicity,

kinetic energy/nucleon, temperature, and angle, respectively. The faster

moving "hot source" (HS) had parameters of MHS= 2.3 neutrons, E/AHS= 5.2 MeV,

THS= 10.5 MeV, and gHSS 2.3°.

Figure 2. Same as Fig. 1 except that the coincident PLFs have low energy and

are at +10°. The corresponding fit parameters from the moving sources

parameterization were MTLF= 5.3 neutrons, E/A 0.07 MeV, T = 2.6 MeV,

TLF TLF

eTLF= -11.6°; MHS= 1.7 neutrons, E/AHS= 4.8 MeV, TH = 9.0 MeV, and ¢ 5= 4.0°.

S H

Figure 3. Pre-equilibrium neutron lab angular distributions for five neutron

energies corresponding to the data of Fig. 1. The inclusive lithium PLF

energy spectrum and gated region is shown in the inset. The distributions
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have been offset by factors of 10, with the distribution at the top having no
offset. The alternating plotting symbols are introduced only for clarity of
presentation. The curves represent "visual fits" to the data and were used

(in an integration over angle) to extrapolate to 0° and to 180°.

Figure 4. Same as Fig. 3 except that the corresponding data are those of Fig.

2.

Figure 5. Angle integrated neutron spectra in coincidence with low energy
fragments of Li, Be, B, and C at 23°. The inset gives one of the inclusive
fragment energy spectra (boron) and illustrates the gate. The open plotting
symbols correspond to 1lab energy spectra and differentiate between the
different fragment species, as given in the legend. The solid symbols, offset

by a factor of 100, are the neutron spectra transformed into the center of

mass system and averaged over fragment species. The error bars on the open

symbols reflect the estimated errors resulting from integrating a limited

angular distribution over angle and from contamination by PLF sequential decay

neutrons. The error bars on the solid symbols represent the standard

deviation of the group of four open symbols used in the average. Curves 1-5

correspond to the BME calculations with 0, 50, 100, 150 and 200 MeV removed

from the compound nucleus excitation energy. All calculations assume n =

A .= 14
proj
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Figure 6. Same as Fig. 5 except that the neutrons are in coincidence with

high energy fragments at 23°.

Figure 7. Same as Fig. 5 except that the neutrons are in coincidence with low

energy fragments at 10°.

Figure 8. Same as Fig. 5 except that the neutrons are in coincidence with

high energy fragments at 10°.

Figure 9. The partial wave decomposition of the reaction cross section within

the semi-classical model of R. Bass.34 In this model, for partial waves
larger than about £=134, the collision corresponds to quasi-elastic reactions.
The upper limit of #=161 was established as the grazing partial wave in a
calculation with the heavy-ion optical model of J. Cramer. For the small
partial waves, £ < 79, the reaction proceeds via fusion and fusion-like
processes. The intermediate partial waves, 79 < £ < 134 correspond to the
regime of inelastic scattering. The representative wvalue wused in the

inelastic collision analysis in the text, £ = 110, is also marked.
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Table

1. Energy gates set on the coincident fragments.

the low energy gate and AEH to the high

energy gate.

AE
The

L
fragment

sections and average energies are taken from the fragment singles data.

Oprp= 23
d d

PLF A (MeV) E%(mb/sr) <E>(MeV) AE, (MeV) E%(mb/sr) <E>(MeV)

Li 30- 96 75 64 100-260 65 147

Be 30-114 28 71 120-340 22 181

B 34-140 27 82 180-380 12 244

C__ 40-140 18 79 200-400 5 266
Average 70 171

bprr 10

do
PLF AE; (MeV)  2(mb/sr) <E>(MeV)

AEH(MeV) %%(mb/sr) <E>(MeV)

Li 31-105 120 74 136-220 426 181
Be 52-126 42 90 168-315 241 240
B 73-168 40 124 210-399 436 315
C___94-210 28 153 252-472 630 385
Average 95 297
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Table 2. Average values for the center-of-mass energies of the PLF and TLF,
where the TLF energies are calculated within the binary reaction assumption.
The Coulomb barrier, V. is calculated wusing r= 1.2 fm, and the energy

assumed to be held in collective motion of the di-nuclear complex is given by

C C
Eollective™ EpLrt Errr - Ve

0PLF= 10°, high energy gate:
PLF E;LF(MeV) E;LF(MeV) VoMeV)  E_ oo oo (MeV)
Li 151 6 33 124
Be 200 10 43 167
B 264 17 52 229
c 326 23 62 287
Average 250 15 50 216

g = 23°, low energy gate:

PLF
PLF E;LF(MeV) E%LF(MeV) VeMeV)  E_ 11 criveMeV)
Li 48 2 33 17
Be 52 3 43 11
B 59 4 52 11
C 55 4 62 0
Average 52 3 42 13
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